Streptococcus suis is a severe zoonotic pathogen, responsible for acute diseases in pigs and human. GntR proteins are widely distributed in various bacterial species. In a previous study, GntR proteins were reported to be involved in virulence in many pathogens. To investigate the relationship between GntR and S. suis serotype 2, we constructed an isogenic deletion mutant P1/7 gntR and an isogenic single-nucleotide substitution mutant P1/7 gntR (SC070731) , which took strain P1/7 as parent. The results show that the mutants P1/7 gntR and P1/7 gntR (SC070731) have a stronger ability to tolerate oxidative stress and to reproduce in blood. Moreover, a higher fatality rate was observed in mice when challenged with P1/7 gntR or P1/7 gntR (SC070731) compared with that of P1/7. Overall, all results suggest that GntR greatly impacts the virulence of S. suis serotype 2 strain P1/7 and give a new perspective on virulence generation in S. suis.
INTRODUCTION
Streptococcus suis is a dominating pathogen in pigs, causing septicaemia, meningitis and endocarditis, leading to huge economic losses in the swine industry (Segura et al. 2017) . Nowadays, S. suis is deemed to be an emerging human pathogen, also causing meningitis, endocarditis and streptococcal toxic shocklike syndrome (Gottschalk et al. 2010) . Cases of S. suis-infected humans have been reported worldwide, particularly in China, Vietnam and Thailand (Feng et al. 2014; Segura et al. 2017) . Streptococcus suis can be identified into 33 serotypes because of antigenic differences in their capsular polysaccharide (CPS) (Liu et al. 2013) . Among the 33 serotypes, S. suis serotype 2 (S. suis 2) is the predominant one isolated from human and pigs worldwide (Goyette-Desjardins et al. 2014) . In China, two outbreaks of severe human infections of S. suis 2 were reported in 1998 and 2005, and S. suis poses a hazardous threat to public health (Tang et al. 2006) .
The GntR family was first described by Haydon and Guest in 1991, identified as a helix-turn-helix DNA-binding protein (Haydon and Guest 1991) . GntR family proteins have similar N-terminal helix-turn-helix domains and various C-terminal effector-binding or oligomerisation domains (Rigali et al. 2002) . According to the high heterogeneity of effector-binding or oligomerisation domains, the GntR family is divided into seven subfamilies, FadR, HutC, MocR, YtrA, DevA, PlmA and AraR (Rigali et al. 2002; Lee et al. 2003; Franco et al. 2006; Hoskisson et al. 2006) . The GntR family is widespread in various bacterial species and is involved in regulating many biological processes. Previous reports have shown that GntR proteins are responsible for diverse primary metabolic processes, such as amino acid catabolism, carbon catabolism and maintenance of fatty acids concentrations (Dirusso and Nyström 1998; Rigali et al. 2006; Hänssler et al. 2007; Egan, Motherway and Sinderen 2015) . Recently, an increasing number of researchers have discovered that GntR proteins not only play an important role in primary metabolism, but also have a close association with virulence in pathogens. In Staphylococcus aureus, PmtR, a YtrA subfamily protein, negatively regulates the exporting system of cytolytic toxins (Joo and Otto 2016; . In Brucella abortus, gntR has affinity for the expression of genes involved in the type IV secretion system (T4SS) and quorum sensing system (Li et al. 2017) . In Streptococcus pneumoniae, CpsR, a FadR subfamily protein, negatively controls production of capsular polysaccharide as a transcriptional regulator (Wu et al. 2016) . However, whether GntR is related to virulence in S. suis 2 is unclear.
The SSU 0513 locus, encoding a protein belonging to the GntR family in S. suis 2 strain P1/7, is designated as gntR. To gain understanding about whether gntR affects the virulence of S. suis 2, we constructed an isogenic gntR deletion mutant P1/7 gntR , which took S. suis 2 strain P1/7 as parent. Moreover, in our study, we find that gntR are adjacent to the CPS synthesis gene cluster in 12 published reference S. suis 2 strains. Eleven published reference S. suis 2 strains harbour wild type gntR, while strain SC070731 generates one single-nucleotide substitution, resulting in missense mutation of translation. We speculated that the variant observed in gntR of SC070731 might be significant. Therefore, to further comprehend the importance of gntR alleles, we constructed an isogenic single-nucleotide substitution mutant P1/7 gntR (SC070731) and undertook a series of assays to test our hypothesis.
MATERIALS AND METHODS

Bioinformatics analysis of gntR
The sequences of gntR from 12 published reference S. suis 2 strains (supplementary Table S1 ) were retrieved from NCBI databases (https://www.ncbi.nlm.nih.gov/). Multiple alignment of gntR genes were performed using MEGA 7.0 software. GntR protein sequence analysis was performed using InterPro (http://www.ebi.ac.uk/interpro/).
Bacteria strains and growth condition
The strains and plasmids used in this study are shown in supplementary 
Deletion of gntR gene in strain P1/7
Gene deletion in strain P1/7 was constructed using a thermosensitive suicide vector pSET4s through homologous recombination (Takamatsu, Osaki and Sekizaki 2001) . To obtain the isogenic mutant, polymerase chain reaction (PCR) amplified the upstream and downstream regions of gntR in P1/7, then a PCR fragment carrying restriction enzyme sites was directly cloned into pSET4s to generate a deletion vector, pSET4s::gntR. The vector pSET4s::gntR was electroporated into P1/7, and the mutant P1/7 gntR was singled out by spectinomycin sensitivity and PCR amplification. Finally, the deletion of gntR was confirmed by PCR using primer pairs P5/P6 and P7/P8 (supplementary Table S3 ) and DNA sequencing.
Gene replacement of strain P1/7 with gntR of SC070731
Gene replacement was also constructed using a thermosensitive suicide vector pSET4s through homologous recombination (Takamatsu, Osaki and Sekizaki 2001) , to generate an isogenic single-nucleotide substitution mutant in P1/7. Primer pair P9/P10 (supplementary Table S3 ) was used to amplify the whole gene of gntR in LSM128 (DNA sequence of gntR is identical to SC070731, confirmed by DNA sequencing), including the upstream and downstream regions. Then a PCR fragment carrying restriction enzyme sites was directly cloned into pSET4s to generate a replacement vector, pSET4s-gntR, and then pSET4s-gntR was electroporated into P1/7 gntR , and the mutant P1/7 gntR (SC070731) containing a single-nucleotide substitution was singled out by spectinomycin sensitivity and PCR amplification. Finally, the replacement of gntR was also confirmed by PCR using primer pairs P5/P6 and P7/P8 (supplementary Table S3 ) and DNA sequencing.
Measurement of growth characteristics
To measure the growth rate of the S. suis strains, overnight bacterial cultures were transferred at a proportion of 1:100 into Tryptic Soy Broth with 10% (v/v) fetal bovine serum. Cultures were grown at 37
• C at 140 r.p.m., the optical density of cultures detected at 600 nm was determined per hour. The experiments were repeated three times independently.
Transmission electron microscopy
Transmission electron microscopy (TEM) was performed to observe the microstructures of S. suis 2 P1/7 and mutants. The S. suis strains were harvested at mid-log growth phase, then fixed with 2.5% glutaraldehyde overnight at 4
• C and postfixed with 1% osmium tetroxide for 2 h. Then samples were dehydrated in ethanol and embedded in epoxy resin. Finally, cells were observed on a model Tecnai G2 20 TWIN TEM (FEI Company) at 200 kV. Images were captured by a digital camera system.
Human whole-blood killing assays
The healthy volunteers who provided blood provided written informed consent at the Huazhong Agricultural University hospital. All studies were approved by the Medical Ethics Committee of the Huazhong Agricultural University hospital. Human whole-blood resistance assays were carried out as previously described (Pian et al. 2012) . Briefly, a mid-log growth phase inoculum of 3 × 10 4 colony-forming units (CFU) bacteria in 100 μL was mixed with 900 μL human blood from healthy volunteers. The mixtures were incubated at 37
• C for 1 h. Then, the numbers of CFU in human blood were determined by serial dilutions and plating. The experiments were repeated three times independently.
Oxidative killing assays
Experiments were performed as previously reported (Czepirski and Jagie l lo 2012). A mid-log growth inoculum of 10 6 CFU mL −1 bacteria was suspended in Tryptic Soy Broth with 10% serum. The sensitivity was measured by exposing bacteria to 6 mM H 2 O 2 at 37
• C for 30 min. Then, the numbers of CFU in 6 mM H 2 O 2 were determined by serial dilutions and plating. The experiments were repeated three times independently.
Experimental infection of mice
Animal experiments were performed under institutional and national guidelines in this study and were approved by the Committee on the Ethics of Animal Experiments, Huazhong Agricultural University. Efforts were made to minimise the suffering of animals.
To investigate their virulence and abilities to colonise the different organs in the host, P1/7 and mutants were harvested, washed and resuspended in phosphate-buffered saline. Then 1 × 10 8 CFU of P1/7 or mutants were injected intraperitoneally into 6-week-old female BALB/c mice (10 mice per group). The bacterial burden in blood of the surviving mice was evaluated 12 h after infection by using blood collection via the tail vein.
The collected blood was diluted and plated to determine the bacterial burden. The bacterial burden in blood, brain and liver were evaluated 72 h after infection. Mice were anesthetised and organs were collected, ground, diluted and plated onto Tryptic Soy Agar to determine the bacterial burden.
Statistical analysis
All statistical analyses were performed with GraphPad Prism 5 software. Data for human whole-blood resistance assays and oxidative killing assays are presented as the mean ± SD and data for bacterial burden in organs of mice are presented as the mean. Differences were analysed using an unpaired, two-tailed Student's t-test with a 95% confidence interval, except for bacterial burden of brain, for which a paired, two-tailed Student's ttest with a 95% confidence interval was used. Mice survival rates were analysed with the log-rank test. For all tests, P < 0.05 was considered as the threshold for statistical significance.
RESULTS
Bioinformatics analysis of S. suis 2 gntR genes
Multiple sequence alignments show that most S. suis 2 strains have an identical sequence of gntR, except SC070731. As shown in Fig. 1 , a missense mutation occurs at nucleotide 1219 (G1219A) in SC070731, leading to alanine mutants to threonine. This result makes the missense mutation of gntR in SC070731 unique. Additionally, SC070731 was more virulent than P1/7 in previous study . Therefore, we planned to replace gntR in P1/7 to gntR of SC070731 to research the effect of gntR alleles in the same genetic background.
The effect of deletion and single-nucleotide substitution of gntR on growth of P1/7
The growth curves of the parental strain P1/7 and the mutants P1/7 gntR and P1/7 gntR (SC070731) are shown in Fig. 2a . It is shown that there was no significant difference in growth rate among these three strains. Under observation with TEM, compared with P1/7, the cytoskeleton and capsular structure of P1/7 gntR and P1/7 gntR (SC070731) have not been affected.
Different ability to resist human whole-blood and oxidative stress in P1/7 and mutants
To estimate the function of gntR in innate immune response, we undertook experiments with human whole-blood in vitro.
As shown in Fig. 3a , after incubation with human whole-blood, the survival rates of P1/7, P1/7 gntR and P1/7 gntR (SC070731) were 163.60% ± 18.25%, 164.80% ± 32.74% and 280.70% ± 12.15%, respectively. Compared with P1/7, there was no discernible difference in P1/7 gntR growth in the blood. However, P1/7
showed great proliferation in blood, nearly twice as much as the survival rate of P1/7 and P1/7 gntR .
To evaluate the sensitivity of P1/7 and mutants to reactive oxygen species, H 2 O 2 was used to simulate reactive oxygen species in vitro. As shown in Fig. 3a 
Virulence and colonisation of P1/7 and mutants in a mouse model
To evaluate whether P1/7 gntR and P1/7 gntR (SC070731) also increase their virulence in vivo, we infected mice with P1/7, P1/7 gntR or P1/7 gntR (SC070731) intraperitoneally. As shown in Fig. 4a , the death rate among P1/7 and mutants was significantly different: there was 40% death in the P1/7 gntR -infected mice and 70% death in the P1/7 gntR (SC070731) -infected mice 30 h after infection, compared with P1/7, with no mice dead. The bacterial survival in blood was also increased in P1/7 gntR and P1/7 gntR (SC070731) 12 h after infection, as shown in Fig. 4b . Although statistically insignificant, surviving mice infected with P1/7 gntR had higher bacterial concentration in blood; the geometric mean was about 10 5 CFU mL −1 . P1/7 gntR (SC070731) -infected and surviving mice had a significantly higher bacterial concentration in blood, geometric mean about 10 6 CFU mL −1 , compared with 10 4 CFU mL −1 for P1/7. Moreover, the bacterial concentration of blood in two dead P1/7 gntR (SC070731) -infected mice and one dead P1/7 gntR -infected The survival ratio is presented as recovered CFU/inoculum CFU. Data are shown as mean ± SD from three independent experiments; asterisks indicate a significant difference between P1/7, P1/7 gntR and P1/7 gntR (SC070731) ( * P < 0.05; * * P < 0.01).
mouse was nearly 10 7 CFU mL −1 (data not show). This means there is a great chance that they died of bacteraemia. If bacteria continued to proliferate in the surviving mice, more mice would die after 12 h of infection. The survival curve validated the conjecture that more mice died after 12 h of infection.
To investigate whether the bacteria in the surviving mice were eliminated 72 h after the injection, the blood, brain and liver were collected to determine the bacterial burden. As shown in Fig. 5a , bacteria were not detected in the blood of two surviving P1/7-injected and P1/7 gntR -infected mice; the bacterial concentration of blood in the rest of the P1/7-injected and P1/7 gntR -infected surviving mice had a significant reduction, compared with 12 h after injection. It is worth noting that P1/7 gntR (SC070731) -infected surviving mice hardly changed in bacterial concentration of blood, and the overall level is significantly higher. Although the blood bacterial burdens of P1/7-injected and P1/7 gntR -infected surviving mice are statistically insignificant, the geometric mean of P1/7 gntR -infected is higher than of P1/7-injected mice. The same phenomenon was also observed in brain and liver. By 72 h after injection, bacteria were not Asterisks indicate a significant difference ( * P < 0.05; * * P < 0.01; * * * P < 0.001). detected in brain of P1/7-injected mice, but nearly 50% of P1/7 gntR -infected and P1/7 gntR (SC070731) -infected mice still had a higher concentration of bacteria in the brain. Based on these results, we summarised that P1/7 gntR and P1/7 gntR (SC070731) have stronger virulence and ability for organ colonisation than P1/7, and P1/7 gntR (SC070731) is more prominent than P1/7 gntR .
DISCUSSION
As a pathogen that seriously endangers public healthy, S. suis not only defends against the immune response, but also proliferates in the blood in order to infect the host. The previous works on virulence of S. suis are more concerned with conventional virulence factors, such as capsule, suilysin and proteases (Segura et al. 2017 ). Here we constructed a gntR deletion of S.suis 2 strain P1/7 and found that the mutant P1/7 gntR has a stronger ability to resistant oxidative killing and stronger potential virulence. It can be concluded that gntR negatively controls virulence in P1/7. Furthermore, P1/7 gntR (SC070731) also shows stronger virulence compared with parental strain P1/7. On one hand, this finding was instrumental in proving that gntR virtually has a relationship with the virulence of P1/7; on the other hand, it hints that the single-nucleotide substitution that occurred in gntR of SC070731 can efficaciously alleviate suppression of virulence in P1/7, and it works better than deletion of whole gntR. GntR is a relatively new and still poorly characterised transcriptional regulator. When GntR was reported to influence virulence, it always postures as a regulator of transporter protein. For example, GntR in S. aureus binds to the promoter of ABC transporter and strongly decreases export of phenol-soluble modulins (an important toxin of S. aureus) (Joo and Otto 2016; . GntR in Bacillus subtilis regulates l-lactate permease to affect biofilm formation (Chiu, Lin and Shaw 2014) , and a similar finding has been reported in Listeria monocytogenes (Zhu et al. 2011) . GntR in Brucella regulates VirB1, one of the T4SS members (Li et al. 2017) . Therefore, we think that GntR-regulated transportation might be a very important channel to influence virulence. Biofilm and T4SS are also reported as important virulence factors in S. suis (Jiang et al. 2016; Xiao et al. 2017) ; it is possible that GntR of S. suis is also involved in expression of virulence factors, as other bacteria are reported to do. Considering that GntR are adjudged as a regulator maintaining amino acid or carbon catabolism, we cannot exclude that GntR could affect virulence by influencing the upstream pathway of virulence factor synthesis or the crossroads of various metabolic pathways. Therefore, further analysis merging the findings of this research will be undertaken, providing additional insights into the mechanism by which GntR regulates virulence in S. suis 2. Flores et al. found that small genetic changes promoted phenotypic diversity among group B Streptococcus rather than extensive recombination (Flores et al. 2015) . This is not uniquethere are similar cases found among other bacteria species. For example, base substitution in the CPS biosynthesis gene attenuates or recovers the capsule and virulence in S. suis (Lakkitjaroen et al. 2014; Auger et al. 2016) . A putative acetyltransferase inserts into the CPS gene locus, bringing about capsular acetylation, which contributes to biological activities and interactions with the host in Klebsiella pneumonia (Hsu et al. 2016) . Loss of 8 bp (between the encoding capsule biosynthesis and capsule export operons) results in increased capsule expression in Neisseria meningitides (Loh et al. 2013) . Different variants of invasion factor InlB in L. monocytogenes have different ability to accumulate in the liver of infected mice (Sobyanin et al. 2017) . In this study, when we replaced gntR of P1/7 with gntR of SC070731, which leads to single-nucleotide substitution in P1/7, the phenotype associated with virulence shows a different condition. P1/7 gntR (SC070731) shows more aggressive virulence than P1/7 gntR and P1/7. Therefore, our results also provide potent evidence that small genetic changes, such as single nucleotide polymorphisms, insertion and deletion, are more likely to cause phenotype changes than large-scale rearrangement or recombination. These mutations that lead to greater adaptability to the environment might drive evolution. All in all, when we deleted or replaced gntR of P1/7, in both cases we obtained more virulent strains, and gene replacement that brings about single-nucleotide substitution had a greater impact on virulence than gene deletion. All the results confirm that gntR is actually associated with virulence in S. suis 2, like in other reported pathogens. It also makes us ponder the mechanism of virulence generation in S. suis 2.
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